Electronic structure of the three-dimensional colossal magnetoresistive perovskite La 1−x Sr x MnO 3 has been established using soft-x-ray angle-resolved photoemission spectroscopy with its intrinsically sharp definition of three-dimensional electron momentum. The experimental results show much weaker polaronic coupling compared to the bilayer manganites and are consistent with the theoretical band structure including the empirical Hubbard parameter U. The experimental Fermi surface unveils the canonical topology of alternating three-dimensional electron spheres and hole cubes, with their shadow contours manifesting the rhombohedral lattice distortion. This picture has been confirmed by one-step photoemission calculations including displacement of the apical oxygen atoms. The rhombohedral distortion is neutral to the Jahn-Teller effect and thus polaronic coupling, but affects the double-exchange electron hopping and thus the colossal magnetoresistance effect. DOI: 10.1103/PhysRevLett.114.237601 PACS numbers: 79.60.-i, 71.18.+y, 75.47.Gk, 75.47.Lx Hole-doped manganites with the general chemical formula ðLa; SrÞ x MnO y (LSMO) are typical transition metal oxides (TMOs) with perovskite structure, which have attracted tremendous interest due to the discovery of their colossal magnetoresistance (CMR). Coupling of charge, orbital, spin, and lattice degrees of freedoms results in a rich phase diagram of these materials, extending over antiferromagnetic, ferromagnetic (FM), and paramagnetic (PM) insulating and metallic states. The electron transport in manganites is coupled to their ferromagnetism and is generally described in the framework of the double-exchange (DE) mechanism. However, an important role in physics of these materials can be played by polaronic effects coupling of the electron and lattice degrees of freedom whose driving force is the JahnTeller (JT) distortion. According to the theory of Millis et al. [1, 2] , supported by experiments on the bilayer La 2−2x Sr 1þ2x MnO 7 manganites [3, 4] , the competition between the DE related electron itineracy and polaronic self-trapping leads to a crossover from the Fermi liquid regime in the FM metal to the polaronic regime in the poorly conducting PM state at the critical temperature T c . The CMR occurs then due to the magnetic field shifting the balance of these two effects near the crossover point.
Electronic structure of the three-dimensional colossal magnetoresistive perovskite La 1−x Sr x MnO 3 has been established using soft-x-ray angle-resolved photoemission spectroscopy with its intrinsically sharp definition of three-dimensional electron momentum. The experimental results show much weaker polaronic coupling compared to the bilayer manganites and are consistent with the theoretical band structure including the empirical Hubbard parameter U. The experimental Fermi surface unveils the canonical topology of alternating three-dimensional electron spheres and hole cubes, with their shadow contours manifesting the rhombohedral lattice distortion. This picture has been confirmed by one-step photoemission calculations including displacement of the apical oxygen atoms. The rhombohedral distortion is neutral to the Jahn-Teller effect and thus polaronic coupling, but affects the double-exchange electron hopping and thus the colossal magnetoresistance effect. Hole-doped manganites with the general chemical formula ðLa; SrÞ x MnO y (LSMO) are typical transition metal oxides (TMOs) with perovskite structure, which have attracted tremendous interest due to the discovery of their colossal magnetoresistance (CMR). Coupling of charge, orbital, spin, and lattice degrees of freedoms results in a rich phase diagram of these materials, extending over antiferromagnetic, ferromagnetic (FM), and paramagnetic (PM) insulating and metallic states. The electron transport in manganites is coupled to their ferromagnetism and is generally described in the framework of the double-exchange (DE) mechanism. However, an important role in physics of these materials can be played by polaronic effects coupling of the electron and lattice degrees of freedom whose driving force is the JahnTeller (JT) distortion. According to the theory of Millis et al. [1, 2] , supported by experiments on the bilayer La 2−2x Sr 1þ2x MnO 7 manganites [3, 4] , the competition between the DE related electron itineracy and polaronic self-trapping leads to a crossover from the Fermi liquid regime in the FM metal to the polaronic regime in the poorly conducting PM state at the critical temperature T c . The CMR occurs then due to the magnetic field shifting the balance of these two effects near the crossover point.
The present study focuses on the LSMO compounds with the composition La 1−x Sr x MnO 3 which crystallize in three-dimensional (3D) cubiclike perovskite structures (3D-LSMO) with various lattice distortions including orthorhombic and rhombohedral (RH). The structural difference compared to the layered LSMO compounds immediately affects the polaronic effects. Indeed, the strength of these effects is determined by the electron-phonon interaction characterized by the dimensionless coupling parameter λ e-ph depending on the number of the nearest Mn neighbors z. Namely, λ e-ph ¼ P m f 2 m ð0Þ=ð2zMtω 2 Þ, where f m are the force functions depending on the chemical bonds of ions, ω is the phonon frequency, and M the oscillator mass [5] . Hence, the 3D-LSMO compounds with their more delocalized electron system compared to the layered LSMO [3] should show significantly smaller polaronic effects because each Mn atom in a 3D compound is coupled by the DE to six Mn neighbors against four in the single-layer La 2−x Sr x MnO 4 and five in the bilayer La 2−2x Sr 1þ2x MnO 7 .
Angle-resolved photoelectron spectroscopy (ARPES) is the most direct method to explore the electronic structure resolved in electron momentum k. The intrinsically 3D nature of the 3D-LSMO compounds is a complication compared to two-dimensional materials such as cuprates or the layered LSMO [3] because the conventional ARPES employing vacuum ultraviolet (VUV) photon energies hν below 100 eV suffers from ill definition of surfaceperpendicular momentum k ⊥ [6] intrinsically limited by non-free-electron final-state dispersions and large final-state broadening Δk ⊥ ∼ λ −1 connected with small photoelectron escape depth λ of a few Å. Although the previous VUV-ARPES studies [7] [8] [9] [10] [11] [12] have established a general picture of the 3D-LSMO electronic structure, this limitation [7, 8] as well as the use of thin film samples with their potential electronic structure distortion near the surface [13] have restricted relevance of the experimental results. Furthermore, the absence of any complete determination of the FS topology left doubts on whether the polaronic (bosonic) coupling could not disintegrate the FS in certain k-space regions, which is one of the scenarios to explain the FS arcs in cuprates [14] .
In this Letter, we explore the electronic structure of singlecrystal 3D-LSMO with the optimal Sr doping x ¼ 0.33 using soft-x-ray ARPES (SX-ARPES) with hν up to 1 keV, where the increase of λ towards ∼15 Å results in sharp definition of k ⊥ and thus 3D momentum [15] . We achieve the most fundamental electronic structure information about 3D-LSMO, including the 3D topology of its FS and strength of electron-polaron coupling, and consolidate these findings with theoretical models. Furthermore, we identify spectroscopic signatures of the RH lattice distortion and analyze its effect on the Jahn-Teller (JT) distortion and CMR effect.
Experiment.-The experiments were performed at the ADRESS beamline of the Swiss Light Sourcе. High photon flux above 10 13 photon= sec =0.01% combined with the optimized geometry of the SX-ARPES endstation [16] overpowered the dramatic loss of photoexcitation crosssection at soft-x-ray energies (a factor of ∼200 for the valence Mn 3d states compared to VUV-ARPES) [15] . The combined energy resolution was ∼120 meV. The sample was kept at 11 K to avoid the destructive effects of electronphonon scattering on the coherent ARPES signal [17] . Variations of the emission angle ϑ and hν were rendered into k space with correction for the photon momentum p ph ¼ hν=c [16] and using an empirical inner potential V 0 of 7 eV. The present experimental data were collected with circular x-ray polarization.
Single crystals of La 1−x Sr x MnO 3 with the optimal Sr doping x ¼ 0.33 were grown by the floating zone method at the Moscow Power Institute. Their electric resistivity and magnetic susceptibility characterization was in agreement with the published data [18] . The crystals were FM metals below T C ¼ 360 K and poorly conducting PM metals above. Structural characterization with x-ray diffraction, see the Supplemental Material [19] , has identified their RHdistorted cubic structure. The cubic-lattice equivalent lattice constant is a ¼ 3.89 Å, almost independent of temperature. The samples were cleaved in situ by an anvil-knife setup. The resulting (001) surfaces were optically rough but well defined electronically as evidenced by clear LEED images without any signs of surface reconstructions.
Theoretical electronic structure.-We used the standard DFT framework with the exchange-correlation functional treated within the generalized gradient approximation (GGA). The local correlation effects necessary to describe the half-metallic nature of 3D-LSMO were introduced via the empirical Hubbard parameter U ¼ 2 eV applied to the Mn 3d states [8] . The band calculations used the fullpotential APW method implemented in the WIEN2K package. The Sr doping randomly replacing La atoms was introduced with the virtual crystal approximation (VCA);
for details see Ref. [8] . Figure 1 shows the theoretical band structure EðkÞ and FS calculated for the ideal cubic structure with a ¼ 3.89 Å. As the RH-distortion is relatively weak, these calculations will serve as a road map for our further analysis. The (spin-up) valence bands near the Fermi level E F are defined essentially by the Mn 3d states of the e g type (almost insensitive to the variations of U) which split into the 3z 2 − r 2 and x 2 − y 2 states and hybridize with primarily the O 2p states [20] . The theoretical FS consists of the spherelike electron pocket (e spheroid) around the Γ point and cubelike hole pockets (h cuboids) centered around the Brillouin zone (BZ) corners. In a perspective of our photoemission analysis, we have also performed the GGA þ U calculations using the fully relativistic Korringa-KohnRostoker (KKR) method as implemented in the Munich SPR-KKR code [21] with the Sr doping introduced within the coherent potential approximation (CPA) that correctly reproduces the EðkÞ smearing due to the disordered nature of 3D-LSMO. The APW þ VCA and KKR þ CPA calculations yielded indistinguishable band structures.
Experimental band dispersions and polaronic coupling.-The experimental results representing the valence band spectral function Aðω; kÞ along two directions in the BZ are shown in Fig. 2 as images of the ARPES intensity depending on binding energy E B and surface-parallel momentum k x (along the analyzer slit). To emphasize the dispersive spectral structures, we have subtracted from the raw ARPES intensity its nondispersive component obtained by angle integration, for the raw data see Ref. [19] . The data along the ΓX X and ΓM lines were measured with hν ¼ 643 eV chosen at the main Mn 2p absorption peak to resonantly enhance photoemission intensity from the Mn 3d valence states. Incidentally, the corresponding k ⊥ values (indicated on top of the images) slightly varying with k x , appear close to 8ð2π=aÞ at the ΓX X and ΓM lines.
Comparison of the experimental data with the theoretical EðkÞ in Fig. 1 immediately identifies the e g bands derived from the 3z 2 − r 2 orbitals (forming the e spheroid of the FS) and the x 2 − y 2 orbitals. In the ΓX X data, we note that k ⊥ comes closest to the exact ΓX X line in the second surface BZ (marked Γ 1 ), which results in a visually deeper 3z 2 − r 2 band compared to the first BZ (Γ 0 ). In contrast to the previous VUV-ARPES data [7] [8] [9] [10] [11] (for a detailed analysis of the differences see Ref. [19] ) our experiment shows remarkable   FIG. 1 (color) . GGA þ U calculations for the ideal cubic structure of 3D-LSMO [7, 8] : (a) (Spin-up) band structure, with the color scale indicating k ⊥ of the bands; (b) Fermi surface. agreement with the GGA þ U calculations, Fig. 1(a) , with only a slight e g bandwidth renormalization of around 20%.
ARPES studies of the bilayer compounds La 2−2x Sr 1 þ2xMnO 7 have found Aðω; kÞ having a pronounced peakdip-hump structure [3] composed of the quasiparticle (QP) peak and polaronic hump. In contrast, our data in Fig. 2 also see the energy distribution curves (EDCs) in Ref. [19] -demonstrate single peaks (albeit broadened beyond the lifetime due to the remnant Δk ⊥ effects [7, 8] and intrinsic disorder of the intermixed La and Sr ions in 3D-LSMO). The peaks disperse up to E F without any loss of the spectral weight. This identifies them as the QP peaks of Aðω; kÞ because the humps, for all known polaronic systems, may disperse but always stay below E F [3] . This conclusion is confirmed by the ARPES temperature dependence [19] . The hump can only be suspected in slight asymmetry of the spectral peaks, with its vanishing weight being consistent with the insignificant band renormalization. The weak polaronic coupling in 3D-LSMO reflects its 3D nature where electron hopping to a larger number of the nearest Mn neighbors compared to the layered LSMO impedes stabilization of the polarons.
Experimental FS. -Figures 3(a) and 3(b) show the experimental FS maps representing the ΓX X M and X Z M 0 R horizontal planes of the BZ. The maps were measured as the ARPES intensity at E F as a function of the surfaceparallel momenta k x and k y (the latter varied through the sample rotation). The ΓX X M map was measured again at the Mn 2p resonance. We immediately recognize the characteristic circular cuts of the e spheroids around the Γ points expected from the theoretical FS in Fig. 1(b) . The X Z M 0 R map measured with hν varying around 708 eV immediately shows the characteristic cubic cuts of the h cuboids around the R points in Fig. 1(b) . We note that the remnant final-state Δk ⊥ broadening builds up, in the ΓX X M map, the checkerboard intensity enhancements over the M points projected from the h cuboids and, in the X Z M 0 R map, the enhancements over the Γ points projected from the e spheroids. Figures 3(c) and 3(d) show the experimental FS maps measured in the vertical ΓX X M 0 and X Y MR planes under variation of k ⊥ through hν. These k ⊥ maps show the same characteristic pattern of the spheres and cubes as the above k == cuts, as expected because of the essentially cubic structure of 3D-LSMO. We only note somewhat larger broadening of the horizontal FS fragments compared to the vertical ones which again manifests the Δk ⊥ effects. Therefore, the whole body of our results fully confirms the canonical FS topology in Fig. 1(b) . To the best of our knowledge, our experiment is the first complete resolution of this most fundamental property of the electronic structure of 3D-LSMO. The FS does not show any evident regions of suppressed intensity, which might otherwise have suggested destructive enhancements of k-dependent polaronic (bosonic) coupling. Fig. 1(a) . Fig. 1(b) . The shadow FS contours are marked by arrows.
Shadow FS and its origin.-The most intriguing discovery in the experimental FS maps in Fig. 3 are distinct replicas of the h cuboids seen around the e spheroids (most pronounced in the ΓX X M map) and, vice versa, those of the e spheroids inside the h cuboids. They can be represented as a translation of the fundamental FS in Fig. 1(b) with an umklapp vector (π=a, π=a, π=a) along the space diagonal RΓR of the BZ to halve its size. As these replicas can be viewed as a 3D analogue of the similar effect in cuprates [22, 23] we will call them also "shadow" FS (SFS). In particular, the umklapp translates the RM 0 R direction onto the horizontal ΓX Y Γ one. Correspondingly, the x 2 − y 2 band around the M 0 point, see Fig. 1(a) , produces the shadow band around the X point, Fig. 2(a) , to form the SFS h cuboids.
No surface reconstruction could induce this effect, because in that case the corresponding umklapp vector would have been parallel to surface, plus our samples showed no surface reconstructions. An appealing explanation of the SFS would be some hidden magnetic order potentially related to the CMR of 3D-LSMO. Such a possibility has been long debated in connection with the SFS in cuprates [22] . Another possibility would be an orbital and/or charge order [24] . However, the spectroscopic signatures of these two order parameters are normally extremely weak. The most plausible explanation is then some structural effect. We note that the long debated SFS in cuprates has finally proved to have the same origin [23] . Indeed, the structural distortion modes involving tilting of the atomic arrangement in the unit cell of the 3D-LSMO with x ¼ 0.33 transform the cubic to RHdistorted lattice structure [25] . The resulting unit cell in Fig. 4(a) doubles the cubic unit cell along the space diagonal, or halves the cubic BZ in the RΓR direction as observed in our experiment. This mechanism is further corroborated by relaxation of the ARPES linear dichroism, which reflects collapsing symmetries of the valence states [19] . This interpretation is confirmed by results of our relativistic one-step photoemission calculations extended to the alloy systems which included the KKR þ CPA initial states, photoemission matrix elements and final states effects [26, 27] . The embedded RH-distortion model included displacement of the apical oxygen atoms below and above the (001) oriented Mn-O planes (see the structural parameters in Ref. [19] ). The ARPES intensity was calculated as i k i. Therefore, our photoemission analysis is essentially the direct plane-wave projection [28] of the rhombohedral lattice wave functions to yield the valence band Aðω; kÞ.
Figures 4(b) and 4(c) show our ARPES calculations of the FS maps in the ΓX X M and X Z M 0 R planes for the ideal cubic and RH-distorted lattice. As expected, for the cubic case these maps show the canonic FS contours identical to the GGA þ U calculations in Fig. 1(b) . Notably, perfectly reproduced are the Δk ⊥ effects, the projections of the h cuboids in the ΓX X M plane and those of the e spheroids in the X Z M 0 R plane. When we turn on the RH-distortion, we immediately see the contours of the SFS h cuboids and e spheroids in complete agreement with the experiment in Figs. 3(a) and 3(b) , not only on their position but also relative intensities. Our calculations therefore confirm the RH lattice distortion as the origin of the SFS.
Connection of the RH-structural distortion with the JT distortion.-On first glance, the atomic displacements caused by the RH-distortion should change the atomic force constants and therefore the strength of the polaronic coupling. However, this distortion leads the manganese ion to a local symmetry of 3 which splits the t 2g levels but does not remove the degeneracy of the 3z 2 − r 2 and x 2 − y 2 states forming the FS. The RH-distortion does not therefore affect the JT activity and polaronic coupling in the first order, with the higher-order corrections being less important. On the other hand, although the RH-distortion hardly changes the length of each Mn-O bond, it reduces the Mn-O-Mn angle from an ideal 180°to a significantly smaller value of 166.46°, which weakens the DE interaction between the two Mn atoms (expressed by the effective electron hopping t eff ) and thus reduces the electron itineracy. According to the theory of Millis et al. [1, 2] , the crossover from the FM metal to the poorly conducting PM metal occurs when electron itineracy is prevailed by the polaronic self-trapping. The RH-distortion has therefore an effect to shift the CMR to lower T c . In this respect, the RH-distortion acts opposite to the trend when going from the layered LSMO compounds to the 3D ones where the increase of dimensionality and coordination number of the Mn-O-Mn bonds facilitates the electron hopping and thus suppresses the polaronic self-trapping. Conclusion.-We have explored the electronic structure of 3D-LSMO using SX ARPES with its intrinsically sharp definition of 3D electron momentum and single-crystal samples free of the surface reconstructions. The experimental valence band Aðω; kÞ demonstrates considerably weaker electron-polaron coupling compared to the bilayer LSMO compounds. Obscured in the previous VUV-ARPES studies, the experimental FS appears as the canonic 3D manifold of electron e spheroids and h cuboids predicted by GGA þ U band calculations. Apparent shadow FS structures, analyzed with one-step photoemission calculations, prove to manifest the RH lattice distortions rather than any magnetic or orbital order. The RH-distortion is neutral to the JT effect and thus polaronic coupling, but reduces the electron itineracy and therefore acts to shift the CMR to smaller T C .
